Objectives: To validate near infra-red (NIR) based optical spectroscopy measurements of hepatic fat content using a minimally invasive needle-like probe with integrated optical fibers enabling real-time
Introduction
Hepatic steatosis as the most prevalent liver disorder is found in a broad spectrum of disease. It is characterized by an excessive accumulation of triglycerides in the cytoplasm of the hepatocytes, being the key histological feature. Besides alcohol liver disease (ALD), the intrahepatic accumulation of lipids may also be associated with non-alcoholic fatty liver disease (NAFLD), a feature not only encompassing the rather benign hepatosteatosis, but also the more severe non-alcoholic steatohepatitis (NASH), which may lead to irreversible liver cirrhosis and hepatic failure. NAFLD is strongly associated with obesity, insulin resistance and hyperlipidemia, features of the metabolic syndrome. 1 As obesity and the metabolic syndrome are globally gaining prevalence in pandemic proportions, NAFLD may become a major disorder and should be detected in the early reversible stage.
Currently, the golden standard to determine intrahepatic fat is histological analysis of samples obtained from a liver biopsy, which might be prone to inter-observer variance 2 and to sampling errors. 3 Though, the invasiveness is its major drawback. Ultrasound (US) is a non-invasive technique that is the most widely used to detect fatty infiltration in liver by comparing the echogenicity in the liver and fat free organs such as the kidney cortex or spleen. 4 However, this technique is not quantitative, prone to interobserver variance and not optimal in presence of morbid obesity. Another method is based on computer tomography (CT) imaging where the Hounsfield attenuation values in liver and spleen are compared knowing that fat has a lower X-ray absorption than water and blood. Similarly to US, it is difficult to obtain accurate quantification of fat from CT images especially in the less severe cases of steatosis.
Moreover, its ionizing radiation limits its use, particularly in children. Magnetic Resonance Imaging (MRI) is a widely used technique to estimate fat in liver by using commercially available algorithms such as in-phase/opposed-phase (IP/OP), the Dixon method 5 and its additional refinements 6 to quantify fat fractions in liver. However, these techniques are sensitive to field inhomogeneity which potentially yield large errors on the estimation of fat. 7 Magnetic resonance spectroscopy (MRS) enables measurements of water and fat proton signals and is generally considered as the most accurate non-invasive technique for hepatic fat quantification. 8 Still, MRS remains a research tool for clinical studies and is not yet used in daily routine liver examinations.
Optical spectroscopy measurements acquired with needle-like optical probes is a relatively new technique that is being developed over the last decade to estimate blood volume fractions and saturation in oxygen in the tissue by analyzing the spectra in the visible and near infra-red wavelengths range between 400 and 900 nm. [9] [10] [11] We recently developed an optical setup and needles with integrated optical fibers that allows spectral measurements in the infra-red wavelengths range up to 1600 nm where fat and water absorption bands exist that enable accurate fraction estimation of these substances in addition to blood. 12 The advantage of using such a broad wavelength range is that the error on the estimated fat fractions is below 3%. 13 A thorough study was performed in order to evaluate the accuracy and the reliability of the fat fraction estimation in phantoms with a wide range of known fat content. In addition to light absorption caused by the various biological chromophores, the light scattering in tissue correlated to the cellular structure and morphology is estimated as well. Recently, we have published a study discriminating tumors from healthy human liver tissue based on the difference in light scattering and the amount of bile in the liver estimated using a similar model as in the present study. 14 Compared to our previous studies [12] [13] [14] , we extended the infra-red wavelength range of measurement from 1600 to 1800 nm where additional fat and water absorption bands exist; enabling higher accuracy in quantification of these biological chromophores.
Fatty liver disease requires diagnostic tools that can accurately estimate hepatic fat given the fact that it is positively diagnosed by histopathology for lipid accumulation as low as 5%. 15 Therefore, the goal of the study is to perform a validation of the NIR technique with MRS by estimating fat in the liver of two groups of mice under different dietary conditions. One group of mice was subjected to a regular chow diet, considered as healthy controls, whereas the second was subjected to a high fat diet inducing obesity and hepatosteatosis. Besides, ex vivo histopathology, the clinical golden standard, was performed for comparison as well as two other ex vivo techniques being magic angle spinning nuclear magnetic resonance (MAS-NMR) [16] [17] [18] [19] [20] and high performance thin layer chromatography (HPTLC).
Materials and methods

Animal model and measurement protocol
Ten male heterozygous APOE*3Leiden.CETP (cholesteryl ester transfer protein) transgenic mice, 21 8-10 weeks of age, were matched on their body weight into a healthy control group, which received a regular chow diet (n = 5) or to a diet induced obese group (n = 5), supplemented a high fat diet containing 32% (w/w) lard (60 %kcal fat, D12492 Research Diets, NJ, USA), The mice remained on the dedicated diets for 16 weeks, resulting in obesity in the high fat fed group (body weight of 46.9 ± 2.2 g versus 29.0 ± 1.0 g in the chow group) .
The mice were anesthetized using a mixture of isoflurane (1-3%) and medical air. Liver fat was measured in the left and right lobe non-invasively by MRS. Subsequently, the mice were euthanizaed by CO 2 suffocation and livers were resected and immediately measured with NIR spectroscopy. After the NIR spectroscopy measurements, the livers were dissected and divided into several pieces and stored for further ex vivo analyses. The animals received food and water ad libitum. Body weight and food intake were monitored bi-weekly during the study. 
Near Infra-Red spectroscopy
We have recently built an optical setup that allows optical spectroscopy measurements of tissue to estimate physiological and morphological information such as chromophores volume fractions (e.g. blood, water, lipid, bile, etc.), blood saturation in oxygen and light scattering due to tissue density using an optical tissue model. [12] [13] [14] Briefly, the setup comprises a light source (Ocean Optics, Duiven, The Netherlands) and two optical spectrometers (Ocean Optics, Duiven, The Netherlands) that resolves light from 400 to 1200 nm and 900 to 2100 nm, respectively. A custom-made needle-like optical probe is connected to the light source and to both spectrometers via 200 micrometer diameter optical fibers.
The light that travels through the liver from the emitting to the collecting fibers is subject to optical absorption and scattering, properties that are related to the physiological and morphological properties of tissue. This tissue-light interaction is described by a model deriving from the diffusion theory and allows extraction of parameter of interest i.e. the fat fraction within the probed volume at the tip of the needle. 
12-14
Figure 1 depicts the absorption of light by water and lipid from 400 to 2200 nm that we measured as described elsewhere. 12 These two chromophores have high absorption coefficients compared to other absorbers for wavelengths above 900 nm. Water has higher absorption coefficients than fat. However the fat absorption peaks at 930, 1211, 1720 and 1760 nm are of the same order of magnitude as the water absorption values altering the spectral shape of the measured spectra in case of presence of fat in the liver.
NIR spectroscopy measurements were performed on the fresh excised livers immediately after sacrifice. The optical probe was gently put in contact with the surface of the liver without pricking. In principle, the needle can be inserted inside the liver however surface measurements were preferred to The measurement acquisition time per spectrum is 500 ms and the analytical model was used to fit the measurement between 450 and 1800 nm to extract the fat volume fraction. 14 The percentage of fat is calculated as percentage over water and fat similarly to MRS and MAS-NMR. Per mouse, the hepatic fat content was the calculated average of all fat fraction derived from the 30 NIR measurements of the liver.
Magnetic Resonance Imaging
After 16 weeks of dietary intervention (either chow or high fat diet), the mice were anaesthetized by isoflurane inhalation and placed in a dedicated small animal setup. Core body temperature and respiration rate were controlled and recorded during the measurements. The MRI experiments were performed using a 3T Philips Achieva MR scanner (Philips Healthcare, Best, the Netherlands) with a 
Magnetic Resonance Spectroscopy
All spectroscopy data were recorded with a Point RESsolved Spectroscopy (PRESS) sequence 22 which is a volume selective MRS sequence based on 3 orthogonal selection gradients in combination with 3 RF pulses. Spoiler gradients were used to suppress unwanted signals. This sequence results in a spectrum from the volume defined by the intersection the three slice selective profiles.
Extra care was taken in planning of the volume in order to avoid chemical shift displacement errors as much as possible. Chemical shift displacement is caused by the difference in chemical shift in combination with a selection gradient. As a consequence, the actual physical volume from which the -CH 2 signals of the fat originate, will be different from the water volume. During planning both volumes were always shown on the image. Care was taken that both volumes were planned within the liver, avoiding major blood vessels.
HR-MAS 1H-NMR spectroscopy description to estimate fat in liver
After isolation of the whole liver, a piece of the left lobe was snap frozen in liquid nitrogen and stored below -70°C until the measurements by HR-MAS NMR. Shortly before the measurements, approximately 6 mg of frozen tissue was excised from the liver near the site that was previously selected for the in-vivo localized magnetic-resonance spectroscopy. 
HPTLC measurements to determine hepatic fat
After isolation of the whole liver, a piece of the left and right lobe were snap frozen in liquid nitrogen and stored below -70°C until the measurements of lipids by HPTLC as described previously. 23 In short the liver pieces were homogenized in PBS (phosphate-buffered saline). Protein content of all samples was determined and subsequently lipids were extracted. Briefly, a solution of 200 μg protein in 800 μL of MilliQ was mixed with 3 ml Methanol/Chloroform (2:1), after which 500 μL Chloroform, 100
μL Internal Standard and 1 mL MilliQ water was added. All were mixed and centrifuged for 10 min at 300 rpm. After the centrifugation the chloroform layer was collected and dried under nitrogen. The pellets were dissolved in 50 μL chloroform and transferred to a HPTLC plate for separation of triacylglycerols (TG), free cholesterol (FC) and cholesterol esters (CE). The lipids were separated using HPTLC on silica gel plates and subsequent analysis was performed by TINA2.09 software (Rayest Isotopen Meβgeräte GmbH, Straubenhardt, Germany). The hepatic fat content was calculated as mg TG/ mg protein from two samples per mouse.
Histopathology to determine hepatosteatosis
After isolation of the whole liver, a piece of the left lobe was formalin fixed and embedded in 
Statistical analysis
All the data obtained by each technique can be described by a normal distribution according to the Jarque-Bera test for normality. 24 Therefore, the estimated fat fractions are described as mean ± SD.
A one-way analysis of variance combined with a post hoc Tukey's procedure for multiple comparison correction was applied to evaluate whether a technique gives significant differences from the 
Results
Sixteen weeks of high fat feeding clearly induced hepatosteatosis as compared to the chow diet as determined by NIR, MRS, MAS-NMR and HPTLC and as confirmed by histopathologic analysis. Indeed, for each of the methods, applying a one-way analysis of variance test to the determined fat fraction values
showed that there is a significant difference between both groups of mice (P < 0.002). Figure 3A depicts NIR spectra of a liver from a chow diet and a high fat diet mouse, respectively.
Light absorption below 900 nm is mainly due to the presence of blood-derived chromophores such as oxygenated hemoglobin (HbO 2 ) and deoxygenated hemoglobin (Hb), and bile; 14 whereas absorption above 900 nm is mainly due to water and fat in the tissue. 12 Besides, examples of MRS ( Figure 3B ) and MAS-NMR ( Figure 3C ) spectra acquired in a mouse under chow diet and a mouse under high fat diet are displayed, respectively. The peaks at a chemical shift of 4.7 ppm correspond to presence of water whereas the peaks at a chemical shift of 1.3 ppm to fat. The arrows in Figure 3 indicate the wavelengths and frequencies for which fat signature exist. Representative histologic pictures from a liver from the chow diet group and from the high fat diet group are presented in Figure 4 .
Quantitative fat estimation in the liver using the various techniques were statistically compared and found not different ( Table 1 
Discussion
In the present study we evaluated the NIR based optical spectroscopy measurements of hepatic fat content using a minimally invasive needle-like probe as compared to in vivo MRS measurements as validation, to histopathology being the clinical golden standard, to MAS-NMR spectroscopy, and to HPTLC measurements.
NIR spectroscopy showed very good agreement in fat quantification as compared to MRS with a very high Pearson's correlation coefficient and a linear regression coefficient of 0.935 making NIR underestimating the fat in liver of 6.5% compared to MRS. Whereas the average fat determined in the chow diet mice category is similar for both techniques (difference of 0.4 percent point), it is in average 2% lower in the case of high fat diet mice liver measurements yielding to a regression coefficient lower than unity when comparing NIR to MRS. We have performed two previous studies where we investigated the necessity to measure above 1000 nm and the accuracy of fat estimation with NIR from phantom measurements with fat content ranging from 0 to 83% of the total volume yielding a regression coefficient of 1.02 (R 2 = 0.999). [12] [13] These studies showed the importance of extending the commonly-used wavelength ranges (between 400 and 1000 nm) up to 1600 nm for a more accurate fat quantification. In this present study, we extended the wavelength range up to 1800 nm, where additional fat and water absorption bands exist. The local maxima of fat absorption at 1720 and 1760 nm are the only wavelength for which these maxima coincide with a local minimum of water absorption; adding more accuracy for fat quantification in comparison to what have already been published so far in literature. Bernard et al. 25 performed MRS measurements in phantoms with fat content ranging from 0% to 100% and the analysis yielded a regression of 1.06 (R 2 = 0.993). Consequently, based on the results from published phantoms study, MRS seems to be slightly overestimating fat fractions compared to NIR which can explain the regression coefficient of 0.935 when comparing NIR with MRS in this study. From Figure 5A , one can notice that the SD per mouse if smaller when the hepatic fat is estimated with MRS compared to NIR. This is due to the fact that only a single measurement per lobe is performed whereas three measurements per lobe are performed with NIR showing differences in fat content between the measurements performed closed to the center of the liver compared to the other locations.
Computing a linear regression coefficient to compare the estimated fat fractions between NIR and histopathology is not applicable. This is mainly due to the fact that histopathology is a rather semiquantitative method. Moreover, the chow group was defined as the healthy reference with measured fat fractions below 5%, hence the 'null' score for hepatosteatosis. Nevertheless, the correlation with NIR is still very high suggesting strong linearity. NIR spectroscopy has been used so far to quantify hemoglobin derivatives, and few studies investigated fat quantification in breast by measuring the spectra up to 1000 nm only. [26] [27] Kitai et al. 28 measured the optical properties such as the absorption and reduced scattering coefficients with timeresolved NIR spectroscopy on graft livers and showed correlation between the hepatic fat quantification and the ratio of reduced scattering to absorption however no quantitative fat is derived. The present study is the first to use a wavelength range up to 1800 for a very quick and a more accurate fat quantification.
MAS-NMR and
As fatty liver disease is considered to be positively diagnosed by histopathology for lipid accumulation as low as 5%, 15 
Conclusion
This study investigated the potential of NIR spectroscopy for hepatic fat quantification by validating this method with the most commonly-used techniques such as MRS and histopathology, as well as HPTLC and MAS-NMR. A paucity of NIR studies for fat determination in a wide wavelength range from 450 to 1800 nm makes this study the first to be benchmarked with state of the art methods.
We hypothesize that optical fibers integrated in needles could have the potential of providing instantly relevant feedback on hepatic fat quantification during interventional procedures in relevant parts of the liver.
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Table1. Mean and standard deviation of the estimated fat in each mice group by the different techniques.
Table2. Pearson's correlation coefficient P and linear regression coefficient r computed when comparing estimated fat fractions from NIR with respect to MRS, MAS-NMR, and HPTLC and to histological scores.
Table3. Characteristics of the different methods for hepatic fat quantification. Histopathology is considered as golden standard in the clinic. Figure 1 . Optical absorption coefficients of water and fat. 
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